ABSTRACT
INTRODUCTION
The development of modern passenger cars implies the study of some of the most complex multidisciplinary systems. In the past decade the generalization and refinement of the electronic control has increased the complexity and the costs of the tuning and validation process. For example, the project of integrating a 6 speed automatic gearbox in an A-segment vehicle involved the handling of more than 600 calibration values in over 20 vehicle variants (Kirschstein et al., 2009 ).
New cost effective tools are needed for the study of automotive dynamics. Both industry and academia are heavily rely on modeling and simulation, but real tests are still required. The HiL (hardware-in-the-loop) simulations can offer a degree of feedback from individual components of the real system (Schuette & Waeltermann, 2005) . Scaled vehicles have been used especially in universities to investigate various vehicle control systems performance and validate models: rollover propensity (Travis et al., 2004) , backing-up driver assistance (Chiu & Goswami, 2012 ), vehicle stability control (Lapapong et al., 2009) , anti-lock brake actuation and control (Patil & Longoria, 2007) . Simulation and use of scalar vehicles are preferred due to lower costs and development times, but they do not ensure subjective (human) feedback on the dynamic behavior. Some proposed solutions to overcome this are the adjustable chassis and the H2iL (human-andhardware-in-the-loop) simulators.
UNIKAT is a universal chassis with adjustable kinematics and adjustable masses, developed by Automotive Testing Papenburg (ATP) for the investigation of the effects of kinematics, mass distribution, center of gravity position, tires and brakes, on the vehicle behavior and comfort (Knobloch, 2007) . The chassis is also the core of a dedicated training program for testing engineers, chassis designer engineers and people involved in vehicle dynamics simulations.
The modern H2IL (human-and-hardware-in-the-loop) systems can provide a limited feedback of the human operator (Morse, 2012) , (Schreiber et al. 2009 ). To increase the feedback "total immersion" simulators can be used but these are very expensive so task dedicated H2iL simulators with less than 100% realism are preferred.
The "inDrive Simulator" is a project from Ingenieurgesellschaft Auto und Verkehr (IAV) that was developed as a testing platform for future cars (Gerson et al., 2011) . The purpose of the project is to create a simulator capable of being driven in real-life traffic which can be used by virtually any individual after appropriate training. All that is required are mathematical models and a base vehicle, not necessarily the target vehicle, but as similar as possible. This paper investigates a H2iL simulator that allows subjective investigations of the vehicle's dynamic behavior during the early stages of the development process using a real driver in real traffic conditions.
DEMANDS FOR A H2IL SIMULATOR
A tool development must be initiated based on the real demands from industry and academia. Looking at their needs some of the most relevant demands are showcased below.
Benchmarking is a key instrument for understanding and following the trends in every domain. It will be useful to evaluate in the same time and space, and for the same user, different sets of measurements (figure 1). The use of virtual prototyping is constantly increasing and this can also be extended for the drivability analysis. Using state of the art models it will be possible to feel and compare different vehicle-powertrain configurations in the design phase (figure 2). In time this can also be applied as a vehicle commercialization tool.
Another important application is the comparative testing of alternative technologies in real conditions and with human feedback. The capacity to reproduce the acceleration profiles for different types of transmissions (manual -MT, automated manual -AMT, automatic -AT, dual clutch -DCT, continuously variable -CVT) and maneuvers (launch, gearshift, tip-in, tip-out) will be an essential criteria for the tool evaluation.
Figure 2: Virtual prototyping.
The gearshift is one of the most critical maneuver in terms of comfort. It is very dependent on the transmission type and actuators technologies. In figure 3 .a the acceleration profiles for 1 st to 2 nd gearshift at WOT (Wide Open Throttle) is compared for AMT and USG (Uninterrupted Shift Gearbox) an innovative transmission (Fischer & Schneider, 2002) . Another application of the simulator is the study of the actuators influence on gearshifts for AMT. In figure 3 .b it can be easily seen the high influence of the actuators on the acceleration profiles (Pollak et al., 2002) . For the development and tuning of the automotive control it is important to establish an objective evaluation grid based on parametric studies and using real subjects. Figure 4 shows an example of possible parametric study of gearshift comfort perception that is constructed based on observation from (Sorniotti et al., 2007) .
Figure 4: Example of a parametric study for gearshift comfort perception
To fully benefit from hybridization of the propulsion systems it is important to assure a smooth transition between the hybrid operating modes for every possible real traffic use. Limitation of the domain of certain operation mode based on comfort will affect the real efficiency of the vehicle. Using a H2iL simulator it is possible to make these evaluations prior to the decision of adopting a HEV (Hybrid Electric Vehicle) architecture when the physical propulsion system is not yet available.
Another demand is to facilitate the use of the simulator for testing personal and student's instruction. This implies ease of operation, versatility, rapid parameter changes and reduced operation cost.
SIMULATOR STRUCTURE
The simulator architecture was elaborated to address these demands. It is developed based on two commercial simulation software products: LMS.Imagine.Lab.AMESim and Simulink/Matlab. The 1D multi-domain simulation platform AMESim is used to model the integrated powertrain -vehicle models. This platform is particularly suited for powertrain applications (Bățăuș et al. 2010) . AMESim also include a number of efficient analysis tools (e.g. Linear analysis, Activity index, State count) that can be used for model simplification and parameter tuning in support of real-time simulations (Bățăuș et al. 2011) . The AMESim RT (real-time) option enables the export of a model to a real-time environment such as dSPACE or xPC in order to use it into HiL simulations. Simulink is used to implement the control. The two models (plant and control) are linked using the AMESim to Simulink interface. The AMESim-Matlab scripting interface can be used to set parameters, run simulations and retrieve results on AMESim systems using Matlab scripts.
To fully use the advantages of all the simulation types the tool is structured in three modules as shown in figure 5 (Stoica et al. 2013 ): A -"Offline" simulator; B -HiL simulator; C -H2iL simulator.
Figure 5: Complete simulator architecture
The "offline" simulator is used for the validation of the proposed H2iL configuration as well as the development of the real time simulation model. It also allows the validation of different control solutions and the initial control tuning. The HiL simulator is used to check the real time capabilities of the models, to validate the sensor/actuator configuration and to tune the real control directly on the ECU (electronic control unit). The H2iL simulator is employed to assess the comfort and driving pleasure for different engine/transmission/vehicle configurations. Every module has two layers: (1) acceleration control and (2) virtual powertrain. The acceleration control layer is responsible to generate the commands to the electric machine control unit in order to follow an imposed acceleration. The virtual powertrain layer is responsible to generate the target acceleration, based on the commands from the virtual or real driver. For a real feedback the H2iL simulator must include a sound and a haptic interface for the gearshift lever (manual gearboxes). The proposed H2iL configuration is shown in figure 6. 
PROOF OF CONCEPT
The feasibility study was done in three steps: testing of high-fidelity powertrain models in real time simulation, verification of the acceleration coverage, validation of vehicle acceleration control.
The possibility to develop high-fidelity powertrain models that are able to run in real time was shown extensively in (Bățăuș et al. 2010) and (Bățăuș et al. 2011) . The models can be very complex including, for example, the clutch's hydraulic control system (figure 7). Therefore, by using the given recommendations and methods, it is possible to develop the virtual powertrain layer.
Figure 7: AMESim simulation network of a dual clutch transmission and a detail of hydraulic clutch actuation
In order to determine if a certain vehicle's dynamic behavior can be uploaded and simulated on the electric test platform, a study has been conducted for a number of representative vehicles. They were chosen from the A (economy), B (city), C (compact) and D (medium) classes, (Stoica et al. 2013) . The acceleration range coverage was determined by building the acceleration profile (without slope and wind) for each vehicle (figure 8). To cover at least the relevant maneuvers in A, B and C segments a minimum acceleration of 2 m/s 2 at low speeds is needed. It was shown that this is possible using a C segment vehicle powered using a low cost commercial electric vehicle conversion kit. The vehicle acceleration control is on the top layer of the simulator. It is responsible to generate the commands to the electric machine control unit in order to impose a certain acceleration profile. This profile can be predetermined or computed in real-time using a virtual powertrain. The validation of vehicle acceleration control is done using a detailed AMESim model of the vehicle equipped with the electric powertrain, figure 9.
Figure 9: Complex EV powertrain model
A simple control algorithm is used to follow an imposed vehicle acceleration cycle. The feasibility tests are done using an algorithm based on a proportional-integral-derivative (PID) controller that uses the target velocity as input (figure 10). The imposed velocity is obtained by integration of the acceleration acquired from a real test that is filtered (using a 3 rd order Butterworth low-pass filter). To maintain relevancy in the comfort study a cutoff frequency of 10Hz is used. The back-calculation anti-windup method is necessary to prevent integration wind-up in the PID controller. This problem arises when the actuators are saturated. In order to discharge the controller's internal integrator when it hits specified saturation limits a feedback loop is added. The controller output is divided using positive (0 to +1) and negative (-1 to 0) saturation blocks in order to generate the normalized acceleration and braking commands. The signals are then used as input by a standard model of a control unit for electric vehicles.
Figure 10: Acceleration control algorithm
During these tests it was concluded that the correlation between the imposed acceleration and the real one is increased by using a higher stiffness value for the half-shafts. Moreover, a dedicated torsional damper can increase the stability of the control in the higher gears. The tests were done offline using variable step solver and in real time on a 1006 dSpace platform with a fixed step of 0.5 ms (Stoica et al. 2016) . The results are positive with no overruns and good correlation with the offline simulation (figure 11). 
CONCLUSIONS
An introduction shows the current available teaching and research tools for automotive dynamics with emphasis on those capable of human feedback and/or environment interaction. Looking at the current concerns in powertrain development a number of demands regarding the simulator performances are identified. Based on these demands a tool structure is proposed.
The proof of concept consists in a verification of the acceleration range coverage for actual passenger cars, a validation of the top layer of the simulator (vehicle acceleration control) by means of HiL simulation and the identification of availability of high-fidelity powertrain models that are able to run in real time (virtual powertrain layer). Some aspects regarding the design of the physical part of the simulator are also presented.
